Abstract-The dependence of laser performance and discharge characteristics on the diameter of a segmented hollow cathode discharge for the Cu-I1 780.8 nm transition is presented. This transition has a special importance since its upper level is common to potential CW W V laser transitions (150-170 nm). Laser tubes with internal diameters of 2, 3, 4, and 5 mm were investigated. Decreasing the diameter resulted in an increased gain for a given current (up to 100 %/m in the 2-mm diameter, 5-cm-long tube at 1-A current). The highest output power was obtained from the large-diameter tubes (20 mW from a 5-cmlong, 5-mm-diameter tube at 2-A current, without optimizing the output coupler). This work is a part of a series of investigations aimed at the optimization of the segmented hollow cathode discharge which has already been found to be the most efficient type of discharge for cathode sputtered metal ion lasers.
I. INTRODUCTION
OLLOW cathode discharges have been used for noble H gas mixture and metal ion lasers emitting lines in a wide spectral range extending from the infrared to the ultraviolet [ 11, [2] . The conventional hollow cathode discharge is characterized by a "flat" voltage-current characteristic so that the voltage of the discharge increases only slightly with increasing current. This property of a conventional hollow cathode discharge limits the available electron energy for different excitation processes. Furthermore, at high currents the flat voltage-current characteristics makes the discharge unstable against arcing (the local increase of current density does not increase the voltage). High voltage hollow cathode discharges, such as the hollow anode cathode (HAC) discharge, overcome these problems. Due to their "steep" voltage current characteristics, HAC discharges exhibit sufficient stability against arcing and provide much higher electron energies compared to the conventional hollow cathode discharges [2] .
An alternative method for producing a higher-slope voltage current characteristic uses the helical hollow cathode (HHC) discharge [3]- [6] . Lasers using all variants of increased voltage hollow cathode discharges have proved to be superior over the conventional hollow cathode lasers. The metal ion lasers are pumped by a thermal energy charge transfer reaction between ground state noble gas ions and metal atoms originating from cathode sputtering. The increased discharge voltage for this geometry raises the density and energy of fast electrons and hence the density of noble gas ions. The higher voltage also results in higher energy of the ions in the cathode dark space (especially that of the heavy ions) so enhancing the cathode sputtering.
A further improvement in the high voltage discharge geometry was achieved by the introduction of a segmented type hollow cathode discharge (SHC) first reported in [7] . In this type of discharge the working surfaces of the cathode and anode are situated on a common cylindrical surface as shown in Fig. 1 . This arrangement gives an easy access for the sputtered metal into the discharge, providing increased metal vapour concentration [7] . The more effective excitation gives a higher gain for this type of discharge and makes it possible to operate UV lines of Au-I1 (282 nm) and Cu-I1 (260 nm and 270 nm) in laser tubes having Brewster windows and external mirrors. This construction allows "direct" gain measurements using a calibrated loss element in the resonator [SI, [9] . Using the SHC, all of the laser transitions investigated [7] -[ 101 have shown a significantly higher gain than is obtained with the earlier HC, HAC and HHC [4] devices. They also exhibit lower threshold current and higher efficiency.
All of the investigations camed out so far for the SHC have been for discharge tubes having four segments, a 1 : 1 cathode to anode surface ratio and a 4-mm internal diameter. This work reports a study of the electrical discharge characteristics and laser performance (threshold current, laser power and gain) for segmented hollow cathode discharge tubes for different diameter (between 2 and 5 mm), each having four segments and 1 : 1 cathode to anode surface ratio. In this paper we present measurements on the 780.8-nm Cu ion transition in a He-Cu laser. This transition has a very high gain, and the effect of each geometrical parameter can be studied using relatively short (few cm) tubes. Results obtained with this laser are relevant to other charge transfer pumped (UV) lasers. Furthermore, the upper level of this transition is the same as that for potential laser transitions Cu-I1 6s + 4p in the 150-170 nm VUV wavelength range [ll] .
Eichler et al.
[ 1 I] used emission spectroscopy to estimate the population inversion for each of the 6s + 4p transitions in a conventional hollow-cathode discharge. Although their estimated VUV gain in conventional hollow cathode discharge was too small to attempt CW VUV laser operation, the much higher gain in the ultraviolet using SHC [8] shows that it may be possible to realise a VUV laser based on the use of the segmented electrode arrangement. The main purpose of the present work is to optimise the gain in the segmented hollow cathode discharge.
EXPERIMENTAL
The segmented type hollow cathode construction (see Fig. 1 ) has been described in detail in [7] . Our measurements have been carried out using a set of discharge tubes each 5-cm-long having in turn inner diameters of D = 2, 3, 4 and 5 mm. The tubes were assembled using a low vapour pressure epoxy "Torr-seal". The vacuum system provided a base pressure of the order of mbar and the gases used were of spectroscopic purity. Each tube was filled with He with 4% Ar added to enhance cathode sputtering. This mixing ratio was found by former investigations to be optimum for this transition [7] . We have camed out the investigations on the different diameter tubes loaded with approximately the same current densities at the cathode surface up to 600 mA/cm2.
We have performed parametric measurements on the voltage-current characteristics of the discharges, the threshold current, the output power and the gain on the Cu-I1 780.8-nm transition as a function of the bore diameter (2, 3, 4, and 5 mm). In the present paper we report the most representative behaviour of the devices, while detailed measurements can be found in our forthcoming research report [12] . The discharges were excited by square wave current pulses having 500 ps pulse length and a repetition rate of 1 pulse/s. In this way we could obtain information for quasi-CW operation and we could avoid damaging the epoxy joints due to warming of the discharge tubes. The voltage, current and laser power waveforms were monitored by a Hewlett-Packard Model 5450 1 A digitizing oscilloscope, the laser power being detected by a Spectra Physics Model 404 power meter.
The pair of mirrors used in all the measurements of laser characteristics (threshold current, output power and gain) had transmissions of 0.1 % and 1.5%, respectively.
RESULTS

A. Electrical Characteristics
Detailed measurements on V-Z characteristics using different diameter can be found in [12] . For all diameter investigated at a given current density the voltage decreases with increasing pressure, and increases with increasing diameter.
In earlier studies of SHC [7] and the HAC [ 131 the discharge voltage showed a universal dependence on j / p (current density to pressure ratio). These measurements were carried out using a fixed diameter ( D = 4 mm) discharge tube. Fig. 2 shows the discharge voltage versus j / p data plotted for the different diameter tubes. For each tube, the data points fit different universal curves closely. For the different diameter tubes the discharge voltqge differs at constant j / p . However, replotting the voltage data in terms of I / p (total current to pressure) we obtain another new universal relationship as indicated in Fig.  3 . The voltage for each of the different diameter tubes at any given I / p agrees within about 10%. The greatest departure from the universal relationship occurs for the 2-mrr4ameter tube.
B. Threshold Current
The dependence of the laser threshold current on the buffer gas pressure is plotted in Fig. 4 the D = 5-mm-diameter discharge tube is probably about p = 5 mbar, which was the lowest pressure investigated (see Fig. 4 ). The threshold current density for each tube is in the range of j,, = 150-180 mA/cm2. Using mirrors with higher reflectance would further decrease the threshold current, but we believe that the threshold behavior would remain similar. Fig. 5 shows the laser power on the 780.8-nm transition for the 2-mm bore tube as a function of buffer gas pressure at selected values of the discharge current. For each current the laser output has a maximum at a pressure (optimum pressure) which increases with increasing current. The curves for bore diameters of 3, 4, and 5 mm (see [12] ) exhibit a similar a pattern. The optimum pressure decreases with increasing diameter for a fixed current density.
C. Laser Power
The laser power for each diameter at the corresponding optimum pressure is plotted in Fig. 6 as a function of discharge current. At a given current in the range tested the power is similar for the D = 2-mm and D = 3-mm tubes. The discharge was less stable using the small diameter tubes at high current. This limited the maximum usable current for the narrow diameter tubes. The larger-diameter ( D = 4, 5 mm)
tubes at the same current result in less power. However, they can be more easily loaded with higher currents, and higher output power can be readily obtained.
D. Gain
The gain measurements have been carried out by inserting a calibrated loss element (high optical quality quartz plate) into the laser resonator. When oriented at the Brewster angle the plate does not introduce a significant loss into the system. At each given current the plate was tilted until lasing was stopped. The loss introduced in this way together with the mirror transmission and intemal losses of the resonator exactly compensated the gain of the laser tube. The round trip intemal loss of the resonator was determined from a separate measurement (using similar discharge tubes of different active length) and was found to be 1.2%. The loss introduced by the tilting plate was calculated using the appropriate Fresnel formula. We have found that, for the current range investigated, the 2-mm-diameter tube has a maximum gain at p = 15 mbar.
The pressure for the maximum gain for each of the other tubes was about 10 mbar. The maximum gain for each of the tube diameters for fixed currents of I = 750 mA and 1000 mA is plotted in Fig. 7 . The D = 2m"mdiameter tube shows superior gain scaling. Fig. 8 shows the gain of the different tubes at the respective optimum pressures. The 2-mm-diameter tube has the highest gain of approximately 100 %/m at I = 1000 mA. As the gain tends to saturate with current for the largerdiameter tubes (see Fig. 8 ), this gain cannot be obtained from the larger-diameter tubes even if we increase the current up to the same current density.
Our previous gain measurements on the Cu-I1 780.8-nm transition performed on a 4-mm-diameter tube [7] , [9] are consistent with our present data. Metal ion lasers using segmented hollow cathode discharges have been found to have an optimal linear current density where the small signal gain to current density ratio is maximum [8], [9] . The optimum current density is defined by the tangential line (drawn through the origin) to the small signal gain vs. current density curve. For example it can be seen in 
IV. DISCUSSION
The aim of this work was to determine the diameter dependence of a segmented hollow cathode Cu-11780.8 nm laser as this is relevant to future UV (and possible VUV) studies [14] .
The threshold current and the gain of the investigated laser were found to be superior compared to earlier measurements on the Cu-I1 780.8-nm line. For a HAC infrared (A = 780.8 nm) a threshold current of 0.4 A was reported for a 4.5-mm bore diameter, 19-cm active-length tube. The data were obtained with the best available mirrors. In a helical hollow cathode arrangement [6] all the threshold currents reported were above 1 A. In the present measurements a threshold current of 220 mA was found using a 1.5% transmission output coupler.
In a helical hollow cathode a gain of 40%/m was found on the 780.8-nm line for a cathode inner diameter, length, and pitch of 5, 150, and 5 mm, respectively, a 45:l He:Ne mixture and pressure of 13 mbar, and a 1.4-Ncm peak linear current density [4] . In the SHC at 0.2-Ncm linear current density we obtained wlOO%/m gain for D = 2-mm-diameter. Even for the D = 4-mm-diameter tube the gain was 60%/m at 0.2 A/m linear current density.
We believe that the superior performance of the SHC originates in the special electrode arrangement. The SHC geometry results in focusing of fast electrons into the centre of the discharge and makes their oscillation possible. The sputtered metal has an easy access into the discharge volume. All the discharge current flows "inside" the hollow cathode and participates in the excitation in the active volume. Some of these properties were less pronounced in the earlier constructions. The higher gain and low threshold current is mainly due to the SHC geometry, although the HAC and helical construction used larger hollow cathode diameter. On the other hand, it is almost impossible technically to build the other high voltage hollow cathode discharge tubes with such a small bore diameter.
The lifetime of the hollow cathode discharge lasers is limited [16] . The main limiting factor is the necessary cathode sputtering to provide the proper metal vapour density in the discharge. We have not yet performed lifetime measurements for extended period of time, but during our measurements (few weeks) the lasers showed no sign of degradation. Since SHC lasers operate well in the UV below 1 A [8], it seems likely that for mW level output powers reasonable lifetime can be reached, as it was predicted in [16] . For high output powers (or VUV) ms pulse length lasers with low repetition rate seem possible, but even those may be useful for several applications.
The highest gain inferred from the measurements of Eichler et al. [ 1 11 was about 1 %/m for the 154.17-nm line at a current density of 400 mA/cm2. They projected that a gain as high as 5% per pass could be achieved using a 180-cm active length at a current density of 800 mA/cm2. The presently available mirror reflectance in this wavelength range is between 92 and 96%, the demonstration of laser action on this line requires a significantly higher gain that can be obtained using a conventional hollow cathode tube. As the SHC discharge provides significantly higher gain than the HC, HAC, and HHC discharges, at reduced electrical input power, it may be possible to realise a VUV laser based on the use of the SHC discharge tube with internal mirrors.
Our results show that in order to obtain the highest multimode output power, the large bore diameter tubes ( D = 4-5 mm) are preferable. On the other hand, the smallestdiameter tube (D = 2 mm) exhibits the highest gain. Thus, for the research of lower-gain systems (such as the Cu-I1 150-170-nm lines [ll] , where the mirrors have limited reflectance) the diameter should be decreased to the limit set by the diffraction losses. Also the production of TEMoo beams is assisted by using a smaller diameter to suppress higher-order modes.
